To clarify the initiation and migration mechanisms of a discontinuous oil phase in pores, a numerical study was performed to interpret the starting phenomenon and flowing rules of oil trapped in capillaries that have noncircular cross sections. In this study, capillaries with three different cross sections were used to investigate the deformation law of oil and the pressure drop across these microchannels at different displacement velocities by computational fluid dynamics (CFD). The geometrical structure of the microchannels was precisely controlled, and the migration process of the oil, which is too small to be observed by direct experimentation, was assessed and quantitatively analyzed. By analyzing the shape of the trapped oil after reaching a steady state at different velocities, the nonstart and start conditions could be distinguished and the accuracy of the numerical method was verified by a comparison with an analytical method (the MS-P method). Two aspects of oil migration in noncircular microchannels were observed in combination with previous studies: there is a driving force on the cross section of the oil drop and a viscous force at the oil-water interface in the corners, and the more irregular the pore section is, the more easily the trapped oil will migrate. Additionally, the influence of the microchannel cross-sectional shape on the non-Darcy flow of a discontinuous oil phase was clarified. It can be concluded that the presence of the non-Darcy flow in pores arises because trapped oil, as a discontinuous phase, cannot be separated from the capillary wall without reaching critical velocity.
Introduction
Seventy percent of global crude oil is produced from the mature oilfields, which have entered a high water-cut development stage and have a recovery rate of approximately only 30%. Approximately 2/3 of residual oil remains dispersed in underground reservoirs, which has great potential for recovery. After long-term water injection development, the residual oil in the porous media of the reservoir is gradually transformed from a continuous phase to a discontinuous phase [1, 2] . A large amount of residual oil is in the form of a single-hole column or a porous column and is retained in the pore and throat of the porous media in the form of trapped oil with different lengths, shown as Figure 1 . When the crude oil in the porous media is in a discontinuous phase, the oil's mechanism of migration is different from that in a continuous phase. Experimental results have shown that there is a significant starting phenomenon (initiation) in the early stages of discontinuous oil phase migration in microchannels [3, 4] . During the initiation process, the discontinuous oil phase has three deformation stages: first, it contacts the inner wall completely, then it contacts the inner wall partially, and finally, it completely separates from the wall, and the pressure drop (or resistance coefficient) in the discontinuous oil phase is much larger than the value calculated by Darcy's law. The pressure drop indicates that very high additional resistance will occur in the pore during the start process, which will hinder the migration of the discontinuous oil phase in the porous media. This phenomenon complicates the oil-water two-phase seepage mechanism, and it is difficult to accurately describe the flow law of the discontinuous phase fluid in the porous media using the traditional reservoir engineering method.
To clarify the starting mechanism of the discontinuous oil phase, scholars have used the circular cross-sectional microchannel model to carry out experimental and theoretical studies on the discontinuous phase [5] [6] [7] [8] [9] [10] [11] [12] . The flow of the discontinuous phase in a circular cross-sectional microchannel can be qualitatively analyzed, and many meaningful conclusions and understandings can be obtained. Based on a bubble flow experiment in a circular section capillary, Fairbrother and Stubbs [13] found that when the discontinuous phase migrates in a capsule shape in the microchannel, a water film is formed between the inner wall and the discontinuous phase and the moving velocity of the bubble is greater than the average flow velocity of the liquid. Other researchers have carried out a large number of experimental studies on the discontinuous phase flow in circular microchannels and have obtained calculation formulas for the discontinuous phase velocity in different capillary numbers [14] [15] [16] [17] . However, the capillary number, Ca, considered in these studies was 10 -3 -10 -2 , which is much higher than the Ca value in the pores of porous media [18] [19] [20] . Therefore, the discontinuous phase starting phenomenon has not been fully clarified by previous research.
Dong et al. [3] discovered the "starting" phenomenon of retained oil droplets through a trapped oil droplet flooding experiment in a circular cross-sectional microchannel with a capillary number of 10 -7 -10 -6 . By measuring the pressure drop across the microchannel during oil drop deformation with a high sensitivity pressure sensor, the authors proposed three stages of the discontinuous oil phase starting process: the build-up stage, the hold-up stage, and the steady flow phase. The discontinuous oil phase is in full contact with the inner wall during the build-up stage. Upon an increase in the injection volume, the water film gradually spreads and wraps the discontinuous oil in the hold-up stage. After being completely surrounded by the water film, the discontinuous oil phase separates from the inner wall and enters the steady flow stage. The experimental results show that the discontinuous oil phase is in contact with the inner wall before starting (hold-up stage and steady flow phase) and the pressure drop (or resistance coefficient) across the microchannel is much higher than the pressure drop calculated by Darcy's law in that stage.
For this phenomenon, Dai et al. [21] [22] [23] simulated the migration of oil droplets in circular cross-sectional microchannels by experimental and computational fluid dynamics methods and found that the formation of a water film between the oil droplets and the inner wall has a large impact on the flow of oil droplets. Hsu and Hilpert [24] found that in the presence of a water film, the classical Young-Laplace equation is not sufficient to describe the droplet starting process and the corresponding pressure drop changes. To clarify the influence mechanism of the water film, Long et al. [4] proposed an equivalent viscosity model to explain the formation of additional resistance in the microchannel during the discontinuous oil phase 2 Geofluids starting phenomenon based on morphological changes and pressure drop changes. These studies have further deepened the understanding of the phenomenon of discontinuous oil phase initiation, but they have not revealed the mechanism of discontinuous oil phase initiation and migration in the pores. Due to the geometrical complexity of pores in real porous media, the water phase occupied the corners of the cross section, affecting the initiation and migration of the discontinuous oil phase. However, there are few reports on the effect of water channels in the corners on the start and migration of the discontinuous oil phase [25] [26] [27] [28] [29] . Therefore, the study of discontinuous oil phase migration in microchannels with a noncircular cross section may help to explain the non-Darcy phenomenon of porous media seepage from a microscopic point of view.
In this research, we aim to reveal the critical conditions for discontinuous oil phase initiation in pores and the influence of the pore cross section on the non-Darcy flow of the discontinuous oil phase. By using computational fluid dynamics (CFD) methods, numerical simulation is carried out to study the initiation and migration of the trapped oil in capillaries with triangular, quadrilateral, and pentagonal cross sections. The formation and deformation of the oil drops are discussed in detail. Compared with the analytical solutions obtain by the MS-P method [30, 31] , the accuracy of the simulations are also verified. Meanwhile, by comparing the Darcy flow results in a circular tube, the influence of the cross section on the non-Darcy flow of the discontinuous oil phase in microchannels is discussed. In addition, the Navier-Stokes equation, as the momentum equation, can be written as
Establishment and Algorithm of the CFD Model
Here, u is the flow velocity, p is pressure, and f is the body force per unit volume. The values of ρ and μ denote the average density and viscosity, respectively.
Modeling of Flow in Capillaries.
To understand the influence of the pore cross section on the non-Darcy flow, capillaries with different cross sections are used to investigate the initiation and migration of discontinuous oil. Three kinds of cross sections are used in this study, namely, equilateral triangle, quadrilateral, and pentagon, with the same radius as the tangential circle. The configurations of the different capillary cross sections are shown in Figure 2 . In the geometry model, the length of the microchannel is 10 mm, with a tangential circle radius of 3 Geofluids 0.5 mm. In terms of boundary conditions, the velocity inlet and pressure outlet are used in this study and the inner wall is a nonslip boundary. To improve the resolution of the simulation, boundary layer tools are used in the inner wall of the three cases: there are 10 layers near the wall, and the width of the first layer is 10 μm, with a growth factor of 1.1. Quadrilateral meshes are used in the cross sections of the three models. Because of the different cross-sectional shapes, the three cross sections have differ-ent numbers of meshes. The total grid numbers of the equilateral triangle, quadrilateral, and pentagon cross sections are 950000, 1250000, and 1000000, respectively.
In the initialization setting, oil with a 2 mm flat end is placed in the capillary, and the distance between the rear interface and the inlet is 3 mm; the initialization states of the three cases are shown in Figure 3 . Under the action of the capillary force, the front and rear interfaces transform into a meniscus [4] . By the UDF function, the inlet velocity 
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increases from zero to 0.1 m/s after the oil reached a steady condition [32] . During the flow simulation, the capillary number ranges from 2 5 × 10 -5 to 2 5 × 10 -3 , and the Reynolds number is less than 99.8, indicating a laminar flow. Meanwhile, the outlet pressure is set to zero. The density and viscosity of the oil and water are shown in Table 1 , and the contact angle and interfacial tension between them are set as 0.5°and 0.04 N/m, respectively. There are several additional assumptions in this numerical study: (1) compared with the capillary force, the effect of gravity can be neglected; (2) as mentioned above, because of the low Reynolds number, the flow can be regarded as a laminar flow; and (3) the influence of the meniscus appearance and distance between the rear interface and the inlet on the length of oil is negligible.
Results and Discussion
3.1. Initialization, Start, and Migration of Trapped Oil. At the start of the simulation, the velocity of the inlet is set as zero by the UDF function and the trapped oil begins to deform under the action of capillary force. The flat interfaces of the front and rear become menisci, and water channels form at the corners. The oil maintains contact with the inner walls. Moreover, the interfaces of the cross sections are in agreement with the results of the MS-P method, as shown in Figure 4 . In the figure, the green lines in the cross sections represent the oil-water interfaces that are obtained by CFD simulation, and the orange dotted lines are the menisci calculated by the MS-P method.
After the oil reaches the initialization state, the inlet velocity gradually increases and the oil begins to move along the displacement direction. The velocity used in this research ranges from 0.001 m/s to 0.1 m/s, while the maximum Reynolds number is less than 99.8.
In the migration stage, the oil moves forward, driven by water, and the rear and front menisci become slightly deformed. The rear interface gradually flattens and the curvature of the front meniscus increases. Meanwhile, water films appear between the oil and inner walls, which decrease the area of the oil-wall interface. When the velocity is fixed, the migration pattern of the oil reaches a steady state with the progress of displacement. However, the steady state of the oil varies under different velocities. At low velocity, the oil cannot be separated from the inner walls when it reaches a steady state, which can be identified as a nonstart condition. In the steady state of oil under higher velocities, the oil no longer remains in contact with the inner wall, which is identified as the start condition. Figure 5 shows the nonstart and start conditions of the oil under different steady states in the equilateral triangle cross-sectional capillary. Figures 5(a) , 5(c), and 5(e), respectively, depict a three-dimensional view, side view, and cross-sectional view of the oil-water interface under the nonstart condition (0.01 m/s). The corresponding views of the start condition are shown in Figures 5(b) , 5(d), and 5(f) (0.1 m/s). In the nonstart condition in the equilateral triangle cross section ( Figure 5(a) ), the oil-water interface is displayed as a green capsular surface, with oil inside and water outside, and the bullet-like gaps on it represent the oil-wall interfaces on the three inner walls. When comparing the steady-state oil-wall interface with the initialization oil-wall interface, shown in Figure 5(c) , it is seen that the contact area between the oil and inner walls is reduced due to the formation and spread of the water film, which is displayed as a red dotted line. Furthermore, on the cross section ( Figure 5(e) ), the oil-water interfaces moves from the initial position (orange dotted line) to the center of the tube. This change indicates that the water channels at the corners become larger. According to previous research [31] , there is a lubricating effect of low-viscosity fluids on high-viscosity fluids, which are water and oil, respectively, in this study. Therefore, it is reasonable to believe that the water channels would increase with an increase in the oil flow capacity.
When the inlet velocity is large enough, the steady state of oil is the start condition. The oil separates from the walls, and the oil-water interface displays a perfectly capsular shape, with no gaps, as shown in Figure 5(b) . Otherwise, it denotes that there is no oil-wall interface and the water film completely spreads and wraps the oil, as indicated by the red dotted line though the oil in Figure 5(d) . In the crosssectional view, the area of the water channels are further expanded compared to the nonstart condition. This result also confirms the hypothesis regarding the influence of the water channels on oil flow capacity. Figure 6 depicts the side views of the oil-water interface under steady-state conditions for different velocities. By comparing the interfaces at different velocities, it is found that when the speed is less than 0.01 m/s, the interface in the steady state is discontinuous and the oil remains in contact with the inner wall. Additionally, when the velocity increases, the contact area between the oil and inner wall decreases and the oil-wall interfaces are biased to the rear meniscus. This phenomenon illustrates that the water films spread between the oil and inner walls upon an increased velocity in the nonstart conditions. The cases of 0.015 m/s and 0.05 m/s are in a start condition, but the oil in a higher 
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velocity condition becomes more slender, which means the water channels in the corners become larger.
In the capillaries with equilateral, quadrilateral, and pentagon cross sections, the trapped oil has similar migration characteristics, which are depicted in Figures 5 and 6 . Due to the different sizes of water channels caused by the different geometrical shapes, the critical velocity of oil reaching a start condition varies. These influences are discussed in the next section.
Pressure Drop in Different Capillaries.
To analyze the characteristics of a two-phase discontinuous flow in capillaries with different cross-sectional shapes, the pressure drop curves of the capillaries were studied and compared. Figure 7 shows the pressure drop curves for different velocities in capillaries with equilateral triangle, quadrilateral, and pentagon cross sections. In the equilateral triangle cross-sectional capillaries, shown in Figure 7(a) , the pressure drop across the microchannel is zero at initialization, i.e., at 0.02 seconds. As the oil moves, the pressure drop rises and then gradually returns to a stable value, and the greater the velocity is, the greater the pressure drop is. When the displacement velocity is small (i.e., 0.005 m/s and 0.008 m/s), the pressure drop changes directly. In these cases, as the pressure drop returns to a stable value, a steady state is reached. At these velocities, the oil is not started and remains in contact with the walls. However, when the velocity is large enough (more than 0.015 m/s), the pressure drop varies in two stages. In the first stage, the pressure drop continues to decrease and the downward trend is nearly linear; this trend is more obvious in Figures 7(b) and 7(c) . The oil maintains contact with the inner walls at this stage, but the contact area is gradually reduced. After the first stage, the pressure drop decreases steeply and enters the second stage, eventually stabilizing. This trend indicates that the oil has been started and leaves the wall in a steep descent. When the oil becomes detached, 6 Geofluids the pressure drop immediately reaches a stable value. The phenomenon of the pressure drop varying in stages has also been shown in experimental and numerical studies on trapped oil in capillaries with circular cross sections [3, 4] . As seen in the three graphs in Figure 7 , the velocities at which the trapped oils separate from the walls of the different cross sections are different. The oil in the triangular crosssectional capillary is the first to be separated, the square cross section is the second, and the regular pentagonal cross section is the last. According to previous research [33] and the results of the current study (Figure 4) , when the number of sides of a cross section increases, and the high-order polygon gradually approaches a circle, the saturation of the water phase decreases. Otherwise, the saturation of the water phase increases, and the water channels become larger. On the meniscus in the water channel, the aqueous phase acts as a low-viscosity fluid to lubricate the oil phase flow, enabling the oil to separate from the inner walls and reach the start condition. Therefore, in addition to the driving force on the cross section, the viscous force of the water phase channel against the oil-water interface also promotes oil migration. In a more irregular pore section, the trapped oil can more easily migrate. Therefore, it is reasonable to believe that residual oil is easier to recover in porous media that have irregular pore sections.
Influence of the Cross Section on Non-Darcy Flow.
The relationship between the pressure drop and the velocity of oil in capillary tubes of different cross sections is investigated to identify the influence of the microchannel cross section on the non-Darcy flow of the discontinuous oil phase. Figure 8 shows the relationship between the pressure drop and velocity after the trapped oil reached a steady state in the three capillaries. As a comparison, circular capillaries (0.5 mm radius) are also included in the investigation. The lengths and properties of the trapped oil in these four cases refer to Section 2.2. Figure 8 shows the pressure-velocity curves of oil in circular, pentagonal, quadrilateral, and triangular tubes under steady-state conditions. In the circular capillary, the trapped oil completely separates from the inner wall and is enclosed by the water film when the flow in the tube enters the steady flow stage [3] . In this state, the oil moves forward in a capsule form. Under this condition, the pressure drop in the tube is linearly related to the velocity, as shown in the circular dotted line in Figure 8 , and this trend indicates a Darcy flow. The curves of the other noncircular capillaries are nonlinear, indicating that the flow within them is a non-Darcy flow. At the same velocity, the pentagon capillary shows the largest pressure drop, while the triangle capillary has the smallest pressure drop. This phenomenon demonstrates that the trapped oil in triangular tubes flows more easily, regardless of whether the oil is in a start condition. This phenomenon is because, when there is a more irregular section shape, the saturation of water on the cross section increases, and the lubrication effect of the water on the oil is more obvious. Conversely, in the higher-order polygonal capillary section, the water saturation decreases and the resistance of the oil increases. When the polygon becomes circular, the resistance reaches a maximum. The three curves can be divided into two stages: as the velocity increases from zero, the pressure drop increases gradually and the slope decreases; and when a critical velocity is reached, the curve trend becomes linear. Based on the previous analysis, the two stages are considered to be nonstart and start conditions, respectively. At a less than critical velocity, the trapped oil remains in contact with the inner wall when it finally reaches a steady state. Meanwhile, among the three noncircular cases, the critical velocity of the most irregular cross section (triangular) is the minimum. As previously described, in porous media with more irregular pores, the residential oil will more easily migrate even when other process parameters remain the same.
Conclusion
In this research, a numerical study is carried out to elucidate the mechanism of the initiation and migration of trapped oil in capillaries with noncircular cross sections. Three typical 7 Geofluids cross sections are used to study the start process of trapped oil migration and the mechanism of the non-Darcy flow in irregular microchannels. This paper mainly found the following conclusions:
(1) In a noncircular cross-sectional capillary, the trapped oil maintains contact with the inner walls and remains in a nonstart condition under low velocity; with the increase of velocity, the area of the oil droplets that are encapsulated by water film increases and the amount of contact between the oil phase and the inner wall decreases. When the critical velocity is reached, the oil separates from the walls and moves forward as a capsule shape, while the oil-water interface is continuous
(2) The water phase in a noncircular capillary drives the trapped oil through two kinds of actions: the driving force on the cross section of the oil drop and the viscous force on the oil-water interfaces in the corners. When the cross section becomes a higher-order polygon, i.e., the cross section becomes more circular, the decreasing water channels in the corners result in their decreasing viscous force, thus affecting the initiation and migration of the trapped oil (3) When the displacement velocity is less than the critical velocity, the oil stabilizes in a nonstart condition. At different displacement velocities, there are changes in the proportion of the oil that is wrapped by the water film and in the area directly in contact with the inner walls. At this stage, the relationship between the capillary pressure drop and the displacement velocity does not change linearly, and the flow is described as a non-Darcy flow Abbreviations MS-P: Mayer, Stowe, and Princen CFD:
Computational fluid dynamics VOF method: Volume of fluid method.
